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Abstract Plants have evolved the capacity to produce a striking array of specia-
lised metabolites. Terpenoids are the oldest and most diverse class of such com-
pounds and have attracted interest for industrial and pharmaceutical applications.
The development of biotechnological alternatives for their production is the focus
of intense research. Photosynthetic systems provide new strategies for autotrophic
metabolic engineering. Focusing on cytochromes P450, involved in the function-
alisation of the core terpene molecules, this review highlights the latest approaches
in this field and looks towards recent discoveries that have the potential to shape the
future of terpenoid bioengineering.

Keywords Cytochromes P450 � Biotechnology � Terpenoids � Production hosts �
Pathway engineering � Terpenoid biosynthesis

Abbreviations

P450 Cytochrome P450 dependent mono-oxygenase
POR NADPH dependent cytochrome P450 oxidoreductase
CYP71A1
to CYP71 clan

Example of classification of P450s into subfamilies to clans

I. Pateraki � A.M. Heskes
Department of Plant and Environmental Sciences, Faculty of Science,
University of Copenhagen, Thorvaldsensvej 40, 1871 Copenhagen, Denmark

I. Pateraki � A.M. Heskes � B. Hamberger
Center for Synthetic Biology bioSYNergy, Copenhagen, Denmark

I. Pateraki � A.M. Heskes � B. Hamberger
Copenhagen Plant Sciences Centre, University of Copenhagen, Copenhagen, Denmark

B. Hamberger (&)
Plant Biochemistry Laboratory, Department of Plant and Environmental Sciences,
University of Copenhagen, Thorvaldsensvej 40, Frederiksberg C, 1871 Copenhagen,
Denmark
e-mail: bjoernh@plen.ku.dk

Adv Biochem Eng Biotechnol
DOI 10.1007/10_2014_301
© Springer International Publishing Switzerland 2015



EST Expressed sequence tag
Fsp3 Fraction of carbon atoms in compound with sp3 hybridisation
ER Endoplasmatic reticulum
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1 Introduction

Plant-derived natural products have been utilised by humans to improve health and
nutrition throughout history. Currently, two thirds of the global population still rely
on traditional medicines consisting mostly of plant crude extracts. At the same time,
the annual spending on pharmaceuticals by the established market economies
(representing one fifth of the world’s population) is projected to grow by US $130
billion over the next five years (e.g., [116]). Interestingly, it seems that these
industrialised, synthetic pharmaceuticals still have their origins in the natural world.
Of the over 900 small-molecule drugs approved between 1981 and 2010,
approximately two thirds mimic or are analogues of natural compounds, carry a
natural pharmacophore or are naturally inspired or derived [88].

Terpenoids represent prime examples of natural bioactive molecules. The earliest
evidence of use and consumption of plant species rich in terpenoids dates back
50,000 years to the Palaeolithic era, with two independent lines of research indicating
that Neanderthal hominids self-medicated with what are today recognised medicinal
plants (i.e., yarrow, chamomile; [46, 67]). Terpenoids fulfil two key criteria that are
associated with compounds that have good potential as pharmaceuticals [73]. First,
the C15, C20, and C30 scaffolds of sesqui-, di-, and triterpenes carry an exceptionally
high fraction of carbons in tetrahedral sp3—versus planar sp2—and linear
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sp-hybridisation (Fsp3). Second, they contain a high number of chiral centres (Fig. 1).
In assays for inhibition of enzymes of the human liver, used as a proxy for toxicity of
drugs due to off-target effects, the presence of these structural features is positively
correlated with target specificity and low toxicity [72]. Yet, when compared with
compounds of the alkaloid class, there is a discrepancy between the number of known
plant terpenoids and those recognised in one of the 247 categories defined as medically
active compounds in the Dictionary of Natural Products (Table 1; DNP23.1, accessed
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Fig. 1 The impact of carbon hybridisation on potential structural diversity. a Hybridisation
of carbon orbitals and resulting geometry. Note Only sp3 hybridised carbon atoms allow
stereoisomers. b Selected examples of structurally complex terpenoids with increasing fraction of
sp3 hybridised carbon atoms (Fsp3). In red Iridoid core, two stereocenters; santalene sesquiterpene,
three stereocenters; ent-kaurene diterpene, six stereocenters; beta-amyrin triterpene, eight
stereocenters; an asterisk indicates stereocenters in the structures formed during functionalisation.
Dashed line indicates a double bond in the beta-amyrin backbone, replaced by an epoxide in
avenacin. Examples given are: secologanin/monoterpene iridoid core in the terpenoalkaloid seco-
iridoid strictosidine [77]; (E)-epi-β-santalol [29]; Steviol in the terpene glycoside Stevioside [91];
12,13β-epoxy-16β-hydroxy-β-amyrin in the compound antifungal Avenacin A-1 [38]
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July 2014). Among the plant-based drugs approved, or with clinical trials launched in
the period from 2000 to 2010, terpenoid-related compounds are dominated by only
three scaffolds: Taxol (or paclitaxel), artemisinin, and vinblastine [14, 88, 103]. The
key for the successful development of these scaffolds in clinical applications and
establishment as treatment has been securing supply of the compounds through intense
efforts in biotechnology or semi- or full chemical synthesis [23, 93, 128].

In addition to their potential as pharmaceuticals, bioactive terpenoids have
attracted substantial interest as neutraceuticals, flavours and fragrances, and for their
biopesticidal and antiherbivore activities (Fig. 1). This has led bioactive terpenoids
to be considered as high-value natural products, setting this class of compounds
apart from terpenoids that are used as fuels or feedstock for the chemical industry.

Regardless of the area of application, the availability of terpenoids for industrial
purposes is, in general, hampered by laborious extraction and purification from their
plant sources or limited economic competitiveness of chemical synthesis. Recently,
biotechnological production has emerged as an alternative source of terpenoids for
industrial applications. This technology involves the reconstruction of terpenoid
biosynthetic pathways in host organisms that are suitable for large-scale cultivation
of cell factories and holds the promise of being a biosustainable alternative to
conventional production methods. The major requirement for successful engi-
neering of the metabolic routes to complex target terpenoids in production hosts is
knowledge of the enzymes involved in their biosynthesis.

Terpenoid biosynthesis involves two main classes of enzymes. The formation of
the complex, often multicyclic scaffolds is catalysed by enzymes of the terpene
synthase families [21]. The resulting scaffolds are then oxidatively functionalised
through the action of cytochromes P450 (P450s). These enzymes carry out ste-
reospecific hydroxylations, regularly contributing novel chiralities to the molecule,
and which serve as molecular handles for further modifications, that is, linkage of
sugar residues, alkylations, or esterifications. Further oxidation of hydroxyl groups
to carbonyl and carboxyl groups is also a typical function of P450s. It should also
be noted that introduction of up to two oxygen-containing functional groups into
the terpenoid scaffold can be the result of water-quenching of the carbocation in the
active site during formation by terpene synthases (e.g., [16, 131]).

Table 1 Numbers and types of terpenoids currently deposited in the dictionary of natural products

Type of terpenoida Compounds
(DNP 23.1)

Classified as drug Fraction with 2+ oxygenb (%)

Monoterpenoid 4,129 28 92.2

Sesquiterpenoid 13,981 97 89.5

Diterpenoid 12,505 52 95.7

Triterpenoid 23,051 155 95.1

Tetraterpenoid 827 5 90.1

Total 54,493 337 93.5
a Including terpene-derived products within each class, such as apo- and nor-terpenoids
b Up to two oxygen atoms can be the result of water access and quenching of the carbocation
during formation of the terpene backbone by terpene synthases
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This review highlights recent efforts and changes in the strategies for the dis-
covery of plant enzymes with a focus on the extremely diverse family of P450s
involved in oxidative functionalisation of high-value terpenoids. It also discusses
advances in heterologous expression and metabolic engineering of selected path-
ways in the biotechnological hosts, E. coli and yeast, and also some key plant
species. Finally, a brief future perspective is provided in which new discoveries
which may shape the emerging field are discussed.

2 Genetic Diversity of Plant P450s as Driver
of Terpenoid Diversity

Cytochromes P450 constitute the largest and functionally most versatile enzyme
superfamily found in nature [48]. They are heme-containing enzymes, found in all
kingdoms of life, noted for their extremely diverse amino acid sequences. They
participate in many different biological processes, ranging from general biosyn-
thetic functions (e.g., steroid biosynthesis) to specialised metabolism (plant defence
molecules) and detoxification of xenobiotic chemicals such as drugs and pollutants
[86]. The primary reaction they catalyse is the introduction of atmospheric oxygen
into nonactivated carbon–hydrogen bonds [62]. For their catalytic activity, P450s
require reducing equivalents, which are usually provided by NADPH or NADH,
depending on the specific P450 enzyme. Inasmuch as P450s cannot receive elec-
trons directly from these cofactors, different redox partners are engaged, such as
membrane-bound FMN/FAD containing NADPH-dependent P450 oxidoreductases
(POR) in the case of eukaryotic enzymes [62].

P450 enzymes are classified according to their sequence identity and not nec-
essarily to their specific activity. Hence, the nomenclature reflects evolutionary
relationships of the sequences [86]. Generally, P450s with a sequence identity
higher than 40 % constitute members of one family, and sequence identity over
55 % defines members of a subfamily. In an effort to categorise the different P450
families in a higher order and make their nomenclature more comprehensive, the
term ‘clan’ has been introduced [83, 84]. Clans are defined as groups of CYP
families which segregate together on phylogenetic trees with members considered
to have evolved from a common ancestor [86].

The diversity of P450 genes is vast, yet little is known about the evolutionary
mechanisms driving the emergence of novel families. Due to their ubiquitous
distribution, ancient P450s of terpenoid general metabolism are considered the
genetic raw material for evolution. More than six decades after the first discovery of
a P450, 127 families have been established in the plant kingdom, compared to 67
families in insects and 19 in vertebrates [85]. And within those families, over 100
subfamilies now carry functionally characterised P450s, of which 46 subfamilies,
distributed over 8 of the 11 known plant clans, are involved in both general and
specialised metabolism of terpenoids (see Appendix table for an update on details
on plant species and references).
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A characteristic of rapidly evolving families and subfamilies of P450s with roles
in specialised metabolism is the occurrence of species- or genus-specific expansions
called ‘blooms’ [33, 113]. This is particularly apparent in the CYP71 clan, where 20
out of 21 subfamilies are multimembered and have proliferated to such an extent
that the previous definitions of family and subfamily have become problematic [85].
David Nelson coined the term ‘tribe’ for larger clades of subfamilies, in analogy to
the rank of tribe between family and genus in taxonomy. This terminology had
already been applied to the large group (i.e., tribe) of CYP71D found in the Eu-
phorbiaceae, that consists of several phylogenetically distinct clusters of CYP71D
and CYP726A subfamilies (Fig. 2; [132]).
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Fig. 2 Species and plant family specific blooms, resulting in P450 multigene families (modified
after: [132]; copyright American Society of Plant Biologists, www.plantphysiol.org, permission
obtained). El, Euphorbia lagascae; Ep, E. peplus; Gm, Glycine max; Vv, Vitis vinifera; Nt,
Nicotiana tabaccum; Ms, Mentha spicata. Asterisks indicate bootstrap values equal to, or above
80 %; triangles indicate phylogenetically distinct clades in E. peplus
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The origin of such expansions of P450s is largely unknown, although it has been
suggested that the fitness gain resulting from chemical diversification is one force
driving the evolution of new P450s, with the original genes being recruited from the
general metabolism [42]. Evidence of such a process can be observed in the rice
genome, where five CYP701A homologues constitute a small multigene family,
whereas only one, CYP701A6, is required for gibberellic acid biosynthesis. Its
homologue CYP701A8, generated after duplication from general metabolism, has
undergone neofunctionalisation and is now involved in the biosynthesis of rice
antifungal phytoalexins [124]. A second example from rice is the grass-specific
CYP51H subfamily, which contains nine members [87]. CYP51s are an ancestral
P450 group typically found in eukaryotes in a single copy that catalyse a three-step
demethylation of C30 sterol constituents of membranes. Little is known about the
function of these additional CYP51 members in rice, but one of the members from
the subfamily in oat has been functionally characterised as the first oxidative
enzyme in the biosynthetic pathway of avenacin saponins, glycosylated triterpene-
derived defence compounds [38].

3 P450s Involved in Plant Mono- to Triterpenoid
Metabolism

The discovery of an enzymatic route to a given compound is critical if its bio-
technological production is to be achieved. The development and maturation of
next-generation sequencing techniques over the last decade, pioneered by 454
sequencing [76], has significantly increased our ability to perform this task. Several
genomics and functional genomics projects focused on medicinal plants accumu-
lating bioactive terpenoids have released vast nonmodel plant sequencing resources
to the public, including the Medicinal Plant Genomics Resource (http://
medicinalplantgenomics.msu.edu/), the Canadian PhytoMetaSyn Initiative (http://
www.phytometasyn.com/), and the 1KP Plant project (http://www.onekp.com/
project.html). In the wake of this radically increased availability of sequence data,
creative and efficient approaches are emerging to identify the fraction of genes
relevant for terpenoid biosynthesis, particularly in regard to the identification of
P450s as these exist in high numbers in plant genomes. The following selected
illustrative approaches have succeeded in the identification of specific P450s by
integrating these sequencing data with proteomic and metabolomic data, perform-
ing deep comparative transcriptomics (e.g., coexpression analyses) or by exploiting
the fact that genes in terpenoid biosynthetic routes may occur physically clustered
at the genomic level. Considering such clustering recently prompted a genomewide
scan for physically linked pairs of terpene synthases and P450s in 17 monocots and
eudicots. In several plant species colocalisation of terpene synthases was found,
with significant bias towards specific families of P450s, providing a strong incen-
tive for functional investigation [12]. Generally, following identification, enzymes
are functionally characterised in heterologous systems, such as the microbes
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E. coli and yeast, but also with the classical higher eukaryotic ovarian-derived
insect Spodoptera frugiperda 9 (Sf9)-cell line/Baculovirus system and increasingly
through transient expression in the plant Nicotiana benthamiana using Agrobac-
terium infiltrations.

3.1 Monoterpenoids

Monoterpene indole alkaloids are a large group of plant-specialised metabolites
with broad bioactivities ranging from anticancer and anti-inflammatory to antimi-
crobial properties. Biosynthesis of the central metabolite strictosidine involves
oxidation of the initially volatile monoterpene geraniol to 8-hydroxygeraniol,
cyclisation of the aldehyde 8-oxogeranial to an iridoid, and later formation of
loganic acid, which is converted to loganin through an O-methyl transferase
reaction. After oxidative ring-opening of loganin yielding secologanin, strictosidine
is finally formed by coupling with tryptamine. The full biosynthetic pathway is
suggested to include approximately 10 enzymes that catalyse the oxidation,
reduction, glycosylation, and methylation reactions [77].

To identify missing steps in this complex biosynthetic pathway, deep tran-
scriptome resources were developed for the key monoterpene-indole alkaloid-pro-
ducing species, Madagascar periwinkle (Catharanthus roseus), the source of the
anticancer monoterpene-indole alkaloid vinblastine (e.g., [39, 77]). Databases of
annotated transcripts from various monoterpene-indole alkaloid-producing plant
species were searched to identify candidate genes. Virus-induced gene silencing in
plants of selected candidates and targeted metabolite analysis identified
CYP72A224 by the accumulation of the presumed precursor of loganic acid,
7-deoxyloganic acid and a reduction of more complex monoterpene-indole alka-
loids, indicating a function of this gene early in the pathway [104].

The last four unknown steps in the pathway to strictosidine were finally eluci-
dated in 2014 using a gene coexpression analysis approach in which 23 tran-
scriptomes were compared from different tissues, cell types, and treatments along
with the proteomes of epidermal and mesophyll protoplasts isolated from C. roseus
leaves [77]. By comparing different tissues, this approach was able to take into
account cell-specific and spatially distant localisation of branches of the pathway.
Biochemical characterisation of candidates resulted in identification of the enzymes
catalysing formation of the iridoid-precursor, 8-oxogeranial, oxidation of the iridoid
to 7-deoxyloganetic acid followed by glycosylation to loganic acid, and final oxi-
dation to loganic acid (Fig. 3). Functional characterisation of the recombinant
enzymes in E. coli established an 8-hydroxygeraniol dehydrogenase of the zinc-
containing alcohol dehydrogenase family and a UDP-glucose-dependent glyco-
syltransferase involved in glycosylation of 7-deoxyloganetic acid to 7-deoxyloganic
acid. Coexpression in yeast of CYP76A26 with the Arabidopsis POR1 established
this CYP71 clan member as a multifunctional enzyme catalysing successive
hydroxylation/dehydration steps en route to 7-deoxyloganetic acid. The mechanism
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resembles the oxidation of ent-kaurene to ent-kaurenoic acid in gibberellin bio-
synthesis by members of the subfamily CYP701A of general metabolism, typically
rooting the CYP71 clan.

Functional characterisation of the previously identified CYP72A224 [104], by
expression in yeast and transient expression in N. benthamiana following Agro-
bacterium infiltration showed that this enzyme converted 7-deoxyloganic acid, but
not the aglycone derivative of 7-deoxyloganic acid (7-deoxyloganetic acid) into
loganic acid, and indicated that the glycosylation precedes the 7-hydroxylation.
From the perspective of pathway discovery, this example of recruitment of the
indole alkaloid pathway genes from three highly divergent families, zinc-containing
alcohol dehydrogenases and P450s of the divergent clans CYP71 and CYP72,
shows that enzymatic steps of core-pathways are not necessarily encoded by related
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members of defined subfamilies. It remains to be tested whether other members of
the relevant subfamilies can further increase chemical diversity of the individual
steps. For functional characterisation of the enzymes involved, it also highlights the
benefit of complementary host systems for heterologous expression. Finally, the
availability of the enzymes catalysing all individual steps allowed the team to
reconstitute the entire pathway to strictosidine transiently in the N. benthamiana
system, demonstrating feasibility of biotechnological production [77].

3.2 Sesquiterpenoids

(+)-Nootkatone is a volatile sesquiterpenoid found in traces in grapefruit epicarp
(flavedo) and as the main component of Nootka cypress heartwood essential oil
(Cupressus nootkatensis). It is considered to be a high-value compound due to its
use as an aroma compound and its potential as an environmentally safe biopesticide
and insect repellent [95]. Hence, the biosynthesis of nootkatone has attracted
substantial attention over the last years, leading to several stepwise improvements
in its biotechnological production. Nootkatone carries three stereocenters intro-
duced by its bicyclic hydrocarbon scaffold, valencene, and a keto-function, indi-
cating a potentially simple biosynthetic route. As a terpene synthase from
‘Valencia’ orange (Citrus sinensis cv. Valencia) had been functionally characterised
over a decade ago as an efficient converter of farnesyl diphosphate to valencene
[114], several groups embarked on the quest to discover enzymes for the oxidative
conversion to nootkatone. Chicory is well known to accumulate a diverse spectrum
of oxidised sesquiterpenes in its root. The finding that microsomal enzymes from
chicory root could metabolise valencene led to the discovery of the CYP71 clan
member CYP76AV8 in a root transcriptome, based on homology to terpenoid-
oxidising enzymes from other species. Biochemical characterisation of the enzyme
showed high substrate promiscuity and conversion of valencene, resulting in pre-
dominant accumulation of the alcohol nootkatol, with traces of nootkatone [17].
During further testing of enzymes of the CYP71 clan from species known to
accumulate oxidised sesquiterpenoids, a P450 catalysing efficient oxidation of
valencene towards nootkatone was finally discovered in a targeted deep tran-
scriptome derived from Nootka cypress wood tissue, consistent with detection of
nootkatone synthesis in this tissue. The founding member of a new P450 subfamily,
CYP706M1, was shown to catalyse the formation of nootkatone (see the section on
yeast engineering for details). Interestingly, the degree of amino acid identity of
CYP706M1 compared to the previously identified P450s with valencene oxidase
activity did not exceed 30 % [18], indicating that the evolution of specific ses-
quiterpene oxidases may occur through independent events. Furthermore, the
limited success in replacement of the required specific two-step oxidation to noo-
tkatone with P450s nonnative to this pathway highlights the advantages of dedi-
cated species- and tissue-specific transcriptome libraries for P450 discovery.
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The recent identification of a group of P450s responsible for the oxidation of
sesquiterpenes in sandalwood provides another example of the utility of tissue-
specific transcriptome mining for P450 gene discovery. Sandalwood (Santalum
album) is a hemiparasitic tree species of commercial interest for the fragrance
industry due to the accumulation of highly prized sesquiterpene-based sandalwood
oil in its xylem tissue. Mining of the transcriptome of the xylem of S. album led to
identification of ten P450s constituting two distinct clades of the CYP76F sub-
family. Consistent with a function in biosynthesis of sandalwood oil, the genes
were found to be highly coexpressed in S. album xylem tissue [29]. Functional
characterisation in yeast of nine of the ten recombinant P450s showed a distinct but
overlapping product profile for each clade, with some oxidised sesquiterpenes
alcohols detected in both. The produced bergamotol and santalol sesquiterpenes
were all monohydroxylated at the terminal carbon of the isoprenyl side-chain, and
the overall profile was shown to match the composition of the sandalwood oil, yet
with different proportions of the individual compounds [29].

3.3 Diterpenoids

In general, the increasing molecular weight of terpenoids towards the C20-based
diterpenoids and the resulting loss of volatility of the core skeleton and changes in
physicochemical properties leads to molecules with altered pharmaceutical, neu-
traceutical, and other industrially relevant properties [11]. One example of a group
of high-value diterpenoids is the conifer diterpene resin acids, which are key
components of high-end inks and tackifiers, used in formulating adhesives. To
elucidate conifer diterpene resin acid biosynthesis, six divergent P450s from lob-
lolly pine were selected based on remote similarity to families involved in triter-
penoid phytohormones brassinosteroid metabolism (CYP90), or metabolism of
Taxol (CYP725) of the CYP85 clan. Functional testing in yeast of all candidates
allowed partial characterisation of CYP720B1 as a multisubstrate enzyme cata-
lysing two consecutive oxidation steps leading from diterpene alcohols via the
corresponding aldehyde to four structurally different resin acids [101]. Subsequent
development and mining of large-scale transcriptome resources of nearly 1,000,000
pine and spruce ESTs revealed an extraordinary degree of multiplicity in the
CYP720B subfamily specific for conifers. Recombinant Sitka spruce CYP720B4
was functionally characterised through complementary approaches in vitro, in vivo,
and through RNA interference in planta and the enzyme was found to catalyse up to
three oxidative steps of a panel of 24 diterpene olefins, alcohols, and aldehydes to
varying degree [43].

To address the general lack of a standardised reference system for discovery
and rapid functional annotation of genes involved in diterpenoid specialised
metabolism in nonmodel plant systems, Zerbe and coworkers selected specific
organs, tissues, or cell types for deep transcriptome sequencing, guided by targeted
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metabolomics, [132]. Feasibility of the generalised strategy was demonstrated by
mining transcriptomes of 10 plant species accumulating high-value diterpenes with
custom-built libraries for diterpene synthases and P450s. Several hundred sequences
for terpenoid-related P450s were initially discovered in close to 1,000,000 predicted
unique transcript reads. Phylogenetic analyses of these genes for blooms resulting
specifically in novel P450 multigene subfamilies restricted to target plant orders,
families, or species, effectively reduced the number of candidate genes. A particu-
larly striking example of such a bloom is the Euphorbiaceae specific expansion in the
CYP71 family. Based on the expression of the 22 members of this group they were
implicated in the biosynthesis of the complex macrocyclic diterpenes of the lathy-
rane- and ingenane-type characteristic of the Euphorbia species [132]. This
hypothesis received independent support through analysis of genomic clustering of
sequence homologues in the genome of another member of the spurge family, castor
bean (Ricinus communis), and indications that the P450s are involved in oxidative
decoration of simple macrocyclic diterpenoids in that species [58].

Within model plant species, the metabolism of complex diterpenoids is perhaps
best understood in rice (Oryza sativa), where functional roles of structurally
divergent families of diterpenoids as phytoalexins, phytoanticipants, and allelo-
chemicals are well established in plant–microbe and plant–plant interactions
[56, 97]. In contrast to nonmodel species where genomic resources are lacking, the
keys to the rapid and comprehensive elucidation of diterpenoid pathways in rice
have been the physical organisation of groups of biosynthetic genes in clusters and
their coordinated expression in response to environmental stimuli or elicitation. For
example, four expanded subfamilies of the CYP71 clan are found in clusters
(chromosome 2, CYP76M, CYP71Z; chromosome 4 CYP99A, and chromosome 6,
CYP701A) with two clusters also carrying diterpene synthases (reviewed in [107]).
This distribution of the functional enzymes of rice diterpene metabolism over
several subfamilies indicates independent evolutionary events leading to their
emergence. It was suggested that the observed pattern arose early in the grass
family of plants (Poaceae; [107]), consistent also with clustering of the founding
member S. bicolor CYP99A1 [7] on chromosome 6, and a CYP99A-paralogue on
chromosome 1 with sequences potentially encoding terpene synthases (http://
phytozome.jgi.doe.gov, Phytozome10, Sorghum bicolor v2.1 genome).

3.4 Triterpenoids

The oxidative functionalisation of triterpenoids involves evolutionary distant P450
enzymes found across four of the known eleven plant P450 clans: CYP51, CYP71,
CYP72, and CYP85. In both oat (Avena strigosa) and liquorice (Glycyrrhiza spp.),
discovery of duplications and divergence of genes originating in the metabolism of
triterpene sterols (CYP51G) and diterpene gibberellins (CYP88A) indicated
potential neofunctionalisation of newly emerged subfamilies. Indeed, liquorice
CYP88D6 of the CYP85 clan was found to catalyse C-11 oxidation of β-amyrin,
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representing the first committed step in the biosynthesis of the natural sweetener and
pharmacologically active glycyrrhizin. It was initially discovered by narrowing down
unique ESTs encoding candidate P450s by transcript profiling in the glycyrrhizin-
accumulating underground organs (stolons and roots) and the aboveground glycyr-
rhizin-free organs (leaves and stems). The less obvious and evolutionary distant
member of the CYP72 clan, CYP72A154, performing the subsequent oxidation of
C-30, was later identified by expression profiling to find genes whose expression
matched the organ-specific accumulation of glycyrrhizin and testing of identified
candidates for enzymatic activity against 11-oxo-β-amyrin. Both CYP88D6 and
CYP72A154 were characterised in vitro using microsomes from recombinant Sf9
insect cells, complemented by in vivo coexpression of the β-amyrin synthase,
cytochrome P450 reductase (POR) with the P450s in yeast [111, 112].

Oat accumulates avenacins, glycosylated β-amyrin–derived triterpenoids con-
ferring resistance to microbes. Even with limited biochemical knowledge, or evi-
dence of the types of enzymes involved, linkage of biosynthetic genes had already
been cautiously suggested 15 years ago based on genetic evidence of mutant lines,
making this biosynthetic cluster an archetype for terpenoid biosynthesis [96]. The
first gene involved in the oxidative decoration of avenacins, and encoding a P450,
was indeed identified in a cluster with the triterpene β-amyrin synthase [98]. Both
genes were shown to be coexpressed specifically in the epidermal cells of oat root
tips, consistent with the localised accumulation of avenacin. Heterologous
expression in yeast of CYP51H10 demonstrated catalytic activity converting
β-amyrin to an oxidised triterpene. Yet, the conclusive structural elucidation of
12,13β-epoxy-16β-hydroxy-β-amyrin as intermediate of avenacin was only
achieved after transient coexpression of the β-amyrin synthase with CYP51H10 in
N. benthamiana following Agrobacterium infiltration and purification of the
product for structure determination by NMR [38, 61].

Triterpene saponins from plants such as ginseng and liquorice have attracted
interest due to their pharmacological properties. Substantial understanding of the
biosynthetic routes of these compounds was gained over recent years from the
model legume Medicago truncatula, a rich source of diverse saponins. A coex-
pression analysis based on methyl-jasmonate elicitation of triterpenoid biosynthesis,
and correlation with expression of β-amyrin synthase was used to identify candidate
P450s, which were reduced to only a few candidates by homology to P450s
involved in terpenoid metabolism [82]. Indeed, M. truncatula CYP716A12, iden-
tified through homology with the conifer CYP720B, became the first functionally
characterised member of this subfamily [35]. After initial demonstration of a
functional enzyme in the microsomal fraction when expressed in the Sf9 system,
heterologous expression of CYP716A12 in yeast together with a POR and three
distinct triterpene synthases yielded oleanolic acid, ursolic acid, and betulinic acid
from β-amyrin, α-amyrin, and lupeol, respectively. Similar activity of CYP716A
homologues from grape towards triterpenes was also demonstrated, indicating a
possible conserved functionality within the CYP716A subfamily. This ground-
breaking work spurred a burst of discoveries of novel triterpene-oxidising members
in the CYP716 family, such as in ginseng (Panax spp.), the African shrub Maesa
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lanceolata, or the medicinal plant Bupleurum falcatum from the parsley family
(Apiaceae; [44, 79, 80]) and also opened the door to combinatorial biosynthesis of
triterpenes (see below in the section on perspectives).

4 Expression Systems: From Functional Testing
of Recombinant P450s to Production Platforms

The biosynthesis of plant terpenoids by microbes for commercial production fea-
tures several advantages over extraction from natural sources. These include: simple
compound purification due to a limited chemical background, well-established
genetic tools for metabolic engineering, and rapid generation of stable lines for
scalable fermentation. However, the heterologous expression of functional terpene
synthases and P450s, balancing of metabolic pathways, compartmentalisation of
biochemical pathways, and metabolic channelling, are factors that currently need
consideration and optimisation for every novel pathway and target compound
where robust production lines and cost-effective biosynthesis are required. For
example, plant mono- and diterpene synthases are plastidial enzymes in plants.
Expression in E. coli or yeast hosts, which do not carry plastids, generally requires
removal of the N-terminal plastid targeting peptide sequence of the native protein to
yield a pseudomature form, as it could possibly interfere with proper protein folding
and optimal expression [25, 106].

The expression of plant P450s in microbial hosts presents a specific set of
challenges. Plant P450s are membrane-anchored enzymes localised at the endo-
plasmatic reticulum (ER) of the cell, making functional expression in prokaryotes
problematic as these hosts do not contain this cellular compartment. Typical
approaches to this problem involve removal or modifications of the N-terminal
membrane anchor [8, 59, 66, 109]. Additionally, efficient electron transfer to
recombinant P450s is required for function and this is normally achieved with the
partner POR enzyme, colocalised and anchored at the ER [52]. A range of strategies
for optimisations has been considered (summarised in [100]).

The following section provides examples of the successful expression of plant
P450s in microbial hosts and a discussion of how arising problems have been
overcome.

4.1 Bacterial Hosts

An example illustrating some of the difficulties encountered during expression of
P450s in bacterial hosts is the semisynthetic artemisinin project [93]. Artemisinin is
a plant natural product of the sesquiterpene lactones class, produced in the tric-
homes of Artemisia annua [9]. Despite its designation as the most potent antima-
larial drug and its effective use in antimalarial combination therapies (ACTs), the
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supply was unstable due to the unreliable growth of A. annua crops. Thus, efforts
have been undertaken over the last 10 years to develop an alternative biotechno-
logically produced source of artemisinin. The first microbial choice was E. coli
where high titres (up to 27.4 g L−1) of amorpha-4,11-diene (the sesquiterpene olefin
precursor of artemisinin) were achieved by expression of the A. annua amorph-
adiene synthase (ADS) and a heterologous mevalonate pathway [121]. However,
the biosynthetic pathway of artemisinin contains a single P450, CYP71AV1, which
converts amorpha-4,11-diene to artemisinic acid or dihydroartemisinic acid through
three consecutive oxidations [102, 118, 120]. Expression of the A. annua
CYP71AV1 native enzyme in E. coli resulted in no detectable activity (in vivo or
in vitro; [20]), creating a major obstacle for the successful use of E. coli as a
production host.

To achieve activity of CYP71AV1 in E. coli multiple modifications and
adjustments were required including: codon optimisation, manipulation of the
N-terminal transmembrane domain, use of the native POR enzyme from A. annua,
adjustment of the expression vectors, and also optimisation of the E. coli strain and
culture conditions. Further efforts were undertaken to improve the yield, such as
replacement of the anchor of the plant P450 with that of a heterologous CYP from
an organism phylogenetically closer to bacteria (e.g., Candida tropicalis; [20]), or
modifications of the anchor mimicking that of a well-expressing P450 [8]. Finally,
with these changes, a significant amount of oxidation products could be detected
(553 mg L−1); however, only a fraction of these was artemisinic acid.

A different approach for the synthesis of artemisinic acid was followed by
Dietrich et al. [30] with the hope of overcoming the low yields and the formation of
by-products observed by Chang and coworkers [20]. Instead of the A. annua
enzyme, a soluble substrate-promiscuous P450BM3 from Bacillus megaterium
(CYP102A1) was used to generate a new route towards artemisinic acid synthesis
[30]. The wild-type P450BM3 enzyme catalyses the hydroxylation of long-chain
saturated fatty acids and has a very high turnover rate compared to other known
P450s [90]. The wild-type enzyme was not active against amorphadiene and
required several modifications for the enzyme to accept amorphadiene as a sub-
strate. With the help of computer modelling, specific mutations were designed to
increase the size of the active site binding pocket, to improve the enzyme specificity
and for increasing the product titres (saturation mutagenesis). This semibiosynthetic
strategy resulted in 250 mg L−1 of artemisinic epoxide which can be converted
through dihydroartemisinic acid to artemisinin [30]. The titres achieved by this
method were higher than the previous ones using the native enzyme (CYP71AV1)
expressed in the same host. This was the first time that the properties of a P450BM3

were modified by directed mutagenesis and it seems that this strategy holds promise
for different substrates and systems.

An important advantage of P450BM3 is that it is composed of a fusion between a
FAD–FMN-containing NADPH oxidoreductase and a functional P450, forming an
entire monooxygenase system in one soluble 119-kDa polypeptide [81]. Indeed, the
enzyme exhibited the highest catalytic activity ever detected in a P450, likely due to
more efficient electron transfer [130]. Additionally, P450BM3 has proven amenable
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to targeted mutagenesis that can result in conformational changes and substrate
specificity enabling novel P450 reactions for a diverse range of pathways and
compounds [15, 22]. This case highlights the possibility of using existing enzymes
for the catalysis of reactions leading to commercially interesting products whose
pathways are not yet discovered or for the synthesis of new-to-nature products.

A further example where a bacterial enzyme has been used efficiently for the
hydroxylation of a plant natural compound is in the pathway towards perillyl
alcohol, an anticancer agent generated by the hydroxylation of limonene, a
monoterpenoid found in several plants. Alonso-Gutierrez and coworkers [2] pro-
duced approximately 100 mg L−1 perillyl alcohol from an E. coli strain engineered
to produce high levels of the precursor limonene via a heterologous mevalonate
pathway and the corresponding terpene synthase [2]. The hydroxylation of limo-
nene was achieved by a well-characterised P450 isolated from Mycobacterium
HXN-1500, coupled with a ferredoxin, and a ferredoxin reductase [122]. The
specific P450 was identified after the screening of 1,800 bacterial strains for their
ability to hydroxylate L-limonene at the 7 position [122].

Inspired by progress with the P450BM3 enzyme, several artificial POR–P450
fusions are known today. One of these examples regards one of the most noteworthy
success stories of the terpenoid world, Taxol. Taxol, a potent anticancer agent [34], is
naturally found in the cork of the Pacific yew tree in very small amounts (more than
500,000 mature Pacific yew trees were felled for extraction of 130 kg of Taxol,
required for preclinical studies; [69]), and today it is produced from plant cell cultures
or by chemically converting deacetylbaccatin III (isolated from Taxus baccata
needles) into Taxol. Although production today is more stable and efficient, the price
of the drug still remains high [69]. Thus, several efforts have been implemented to
approach biotechnological solutions for the synthesis of this drug. It is predicted that
Taxol biosynthesis requires 19 distinct enzymatic steps from GGPP [24], with
approximately half of these reactions being catalysed by P450s [55]. A significant
number of the enzymes participating in the pathway have been characterised, how-
ever, there still remain several enzymatic steps missing including some potentially
catalysed by P450s. Although the majority of known P450s involved in Taxol bio-
synthesis have been expressed in yeast or insect cells for functional characterisation
[49–51, 108], there are relatively few reports regarding expression of Taxol-related
P450s in microorganisms for production purposes [53, 68].

The work of Ajikumar and coworkers [1] describes the optimisation of the MEP
pathway in E. coli for the synthesis of high titres of taxadiene (1 g L−1 was achieved in
fed-batch bioreactor fermentation) and the expression of the first P450 of the pathway,
taxadien-5a-hydroxylase, which oxidises taxadiene to taxadien-5a-ol [51]. A codon-
optimised taxadien-5a-hydroxylase was expressed, after N-terminal transmembrane
domain engineering, as a fusion with the Taxus POR enzyme [1]. A number of fused
enzymes (taxadien-5a-hydroxylase with Taxus POR) had been generated using dif-
ferent versions of the P450 transmembrane domain. One of the generated chimeric
enzymes was able to convert 98 % of taxadiene to taxadien-5a-ol at a yield of
58 mg L−1 and equal amounts of the by-product 5(12)-Oxa-3(11)-cyclotaxane.
Although taxadien-5a-hydroxylase was suggested to be a bottleneck of the pathway
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[28], the applied strategymade it possible to express the recombinant enzyme inE. coli
functionally and to produce relatively high titres of its product. Despite the compli-
cations encountered regarding P450 expression, the observed titres were approxi-
mately 2,400-fold higher than the ones observed previously from yeast [28]; for further
details refer to the relevant chapter in this volume). As all Taxol-related P450s have
high sequence similarity, a refined approach inspired by this progress could potentially
lead to functional expression of the next biosynthetic steps in E. coli [55].

CYP97 is a family of plant P450s that has been successfully expressed in
microbial hosts. Enzymes from this family are involved in the hydroxylation of
carotenoids for the synthesis of lutein (from α-carotene) or zeaxanthin (from
β-carotene; [99, 119]), and are some of the few P450s natively localised to the
plastids. In Arabidopsis, eleven P450s have been predicted/identified as plastidial
targeted including CYP97A3 (carotene β-ring hydroxylase), CYP97B3 (carotene
β-ring hydroxylase), and CYP97C1 (carotene ε-ring hydroxylase; [57, 99, 110]).
Homologous enzymes have also been found in rice, soy bean, and pea [119].
As lutein is an important ingredient (as antioxidant and natural colorant) in a
number of pharmaceuticals, food supplements, or cosmetics, efforts have been
made to produce it biotechnologically.

The group of Eleanore Wurtzel (City University of New York, USA) succeeded
in producing 500 μg of lutein per gram of pelleted cells by overexpression of the
CYP97A4 and CYP97C2 enzymes from rice in E. coli cells harbouring the path-
ways for α- and β-carotene [127]. In plant plastids, the nonheme, diiron enzyme,
HYD4, performs exactly the same carotene β-ring hydroxylation reaction as the
CYP97A. To test the redundancy of these two enzymes, attempted replacement of
CYP97A with the HYD4 in planta, but also in the bacterial cells, failed in lutein
production, which was only possible by the coexpression of CYP97A and
CYP97C. Thus, it was assumed that for the efficient flux of the pathway and the
synthesis of lutein, the observed protein–protein interaction between the CYP97
enzymes may be critical, whereas HYD4 did not seem to interact with the CYP97s
[99, 127]. It is worth noting that for the plastidial CYP97 subfamily modifications
were not necessary to facilitate expression in E. coli. This can probably be
explained by the similarity of the plant cell plastids with the prokaryotic progeni-
tors. CYP97s seem to be weakly associated with the envelope membrane of the
plastids and they are not predicted to have any transmembrane domain [99].

4.2 Yeast Systems

Yeast has been used successfully for the expression of complex plant pathways
including the P450s, in part due to the genomic tools available for this organism.
Yeast has provided an alternative host for the functional characterisation of plant
P450s recalcitrant to expression in bacterial systems [36, 129].

One of the most pronounced achievements of synthetic biology in high-value
terpenoids in yeast is the synthesis of high titres of artemisinic acid with Paddon
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and coworkers achieving titres of 25 g L−1 [94]. To make this possible, multiple
optimisation steps were required for efficient activity of the CYP71AV1 including
the balancing of expression levels of CYP71AV1 in relation to the A. annua POR,
and coexpression of an additional reductase, A. annua cytochrome b5. These
changes increased the viability of the yeast cells, but the important developments
that led to the high titres mentioned above were the discovery of the entire bio-
synthetic pathway of artemisinin including an A. annua alcohol dehydrogenase and
artemisinic aldehyde dehydrogenase. The expression of these enzymes resulted in
increased production of artemisinic acid from 2.4 to 8.1 g L−1. Further improve-
ments in fermentation tools and procedures then led to the final high titres [94].
These results show not only the remarkable potentials of synthetic biology and
metabolic engineering for the synthesis of valuable compounds from microorgan-
isms, but also provide a future strategy that can be applied to the production of other
valuable terpenoids. A detailed description of this work can be found in the relevant
chapter of this volume.

An interesting example demonstrating the potentials and also pitfalls of yeast
bioengineering is the work regarding (+)-nootkatone synthesis. The development of
several production platforms has been attempted using a range of hosts from
bacteria to plants, yet to date the achieved titres of nootkatone are not sufficient for
commercial applications [125]. Nootkatone can be produced from (+)-valencene,
abundant in nature, through an enzymatic reaction assigned to a P450 enzyme. Due
to the lack of a native plant enzyme at that time, several bacterial P450s were tested
instead without success [37]. CYP71AV8 from chicory as well as the related
tobacco CYP71D51v2 were expressed in yeast together with the Arabidopsis POR1
[17, 37]. In vitro results showed that both enzymes were able to catalyse the
conversion of valencene to nootkatol efficiently but only to a minor degree to
nootkatone. Although very small amounts of nootkatone were produced from yeast
microsomes expressing CYP71D51v2, in vivo bioconversion (using the same yeast
strain) of valencene and β-nootkatol to nootkatone proved to be much more effi-
cient, yielding up to 3 mg L−1 of nootkatone. However, this production was found
subsequently to be independent of CYP71D51v2, and likely catalysed by a yeast
endogenous enzyme. Although increasing the substrate concentration led to the
decrease of the final product due to toxicity issues, 6 mg L−1 of β-nootkatol and
nootkatone could finally be produced from 200 mg L−1 of valencene [37].

A P450 from the Solanaceae family resulted in more promising results. Henbane
(Hyoscyamus muticus) CYP71D55 is an enzyme previously shown to oxidise
various decalin-ring sesquiterpenoids, including valencene [117]. The methylo-
trophic Pichia pastoris was used as host and has been shown to be tolerant for
heterologous expression of specific P450s [125]. A variant of CYP71D55, mutated
in two amino acids, V482I and A484I, improved the catalytic efficiency of the
enzyme for nootkatol biosynthesis up to fivefold, but nevertheless failed to convert
it to nootkatone [117]. Despite this observed lack of function of CYP71D55, the
P. pastoris strain expressing the valencene synthase and CYP71D55/POR accu-
mulated low amounts of nootkatone. It was shown that an endogenous P. pastoris
alcohol dehydrogenase was responsible for this conversion. Overexpression of this
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enzyme, together with the remaining enzymes of the pathway (valencene synthase,
CYP71D55, POR) and a truncated version of yeast HMG1 resulted in the pro-
duction of 208 mg L−1 of nootkatone in fed-batch cultures. This production titre
reaches the range of commercially sustainable production in grams per litre, and
awaits further strain improvements [125].

With identification of CYP706M1, the native P450 from cypress catalysing
formation of nootkatone from valencene, a turning point was reached [18]. In
contrast to previous assays, expression of CYP706M1 in yeast cells resulted in
nearly quantitative oxidation of valencene to nootkatone. Microsomal assays of
yeast cells expressing CYP706M1 resulted mainly in the synthesis of nootkatone
(82 % of total products) whereas only minor amounts of trans-nootkatol were
observed. This indicates that CYP706M1 efficiently performs a two-step oxidation.
Despite the high specificity of CYP706M1, engineering of a yeast strain coex-
pressing the Arabidopsis POR1 and the cypress valencene synthase resulted in
144 μg L−1 of nootkatone, whereas the control yeast strain lacking the P450
accumulated almost tenfold higher levels of valencene. This indicates that a bot-
tleneck of the pathway is likely at the level of CYP706M1, making it a prime target
for optimisation by enzyme engineering [18].

Triterpenoid saponins are a group of specialised metabolites found in many plant
species and they are known for their diverse biological activities [4]. Because of their
potential use as pharmaceutical compounds, large-scale biotechnological synthesis of
these metabolites is desirable. Fukushima and coworkers showed that CYP716A12
and CYP93E2 are enzymes involved in the first step of the pathway to bioactive
saponins, functionalising β-amyrin towards hemolytic and nonhemolytic sapogenins
in the model legume plant M. truncatula [35]. Subsequently, the next step of oxi-
dations catalysed by CYP72A68v2 and CYP72A61v2 was defined. In yeast strains
coexpressing the M. truncatula P450s pairs CYP716A12/CYP72A68v2 and
CYP93E2/CYP72A61v2 with the Lotus japonicus β-amyrin synthase and POR,
gypsogenic acid and soyasapogenol B, respectively, were detected. Further, coex-
pression of novel combinations of P450s resulted in an array of novel terpenoids not
yet detected inM. truncatula, including 4-epi-hederagenin, queretaroic acid, oleanolic
acid, and β-amyrin derivatives oxidised at different carbon molecules [36]. Thus, it
seems possible to combine P450 enzymes in yeast that do not co-occur in their native
host for the synthesis of novel compounds with possible original biological functions.

One of the few examples of coexpression of multiple P450s in yeast aims at the
synthesis of ginsenoside aglycons by Dai and coworkers [26]. Ginsenosides are
the main bioactive phytochemicals of ginseng belonging to the triterpenoids class.
The three basic aglycons of ginsenosides are protopanaxadiol, protopanaxatriol, and
oleanolic acid. They are synthesised through cyclisation of 2,3-oxidosqualene by
β-amyrin and dammarenediol-II synthase. The conversion of β-amyrin to oleanolic
acid and of dammarenediol-II to protopanaxadiol and consequently to proto-
panaxatriol is catalysed by a number of previously identified P450 enzymes
[35, 45]. The enzymes responsible for the synthesis of oleanolic acid, proto-
panaxadiol and protopanaxatriol were coexpressed in yeast by genomic integration
together with enzymes from early steps of the pathway (a truncated HMG1,
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squalene synthase, and squalene epoxidase from yeast). The origin of the oleanolic
acid synthase (CYP716A12) was M. truncatula and the protopanaxadiol
(CYP716A47) and protopanaxatriol (CYP716A53v2) synthases were derived from
P. ginseng. After coupling with Arabidopsis POR1 the P450s were functional in
yeast without further modification yielding 17.2 mg L−1 protopanaxadiol,
15.9 mg L−1 protopanaxatriol, and 21.4 mg L−1 oleanolic acid in nonoptimised
flask cultures [26]. These results may encourage further attempts at coexpression
and assembly of pathways utilising P450s from multiple species.

4.3 Plant Systems: Nicotiana Benthamiana/Agrobacterium

The use of plant hosts for the biotechnological production of terpenoids appears to
be an obvious approach because the isoprene precursors, cofactors, and critical
enzymes, such as P450-compatible PORs required for terpenoid biosynthesis, are
endogenously present. Furthermore, the protein translation machinery, posttrans-
lational modifications, cellular compartments, and the use of transit peptides for
protein targeting, are conserved among plants, eliminating some of the problems
encountered when attempting to express plant genes in microbial hosts. Yet, plant
systems remain largely underexplored. Possible reasons for this are that plants
present some specific complications as hosts, notably the long turnover times for
generation of transgenic lines expressing new proteins, the risk for transgene-
silencing, highly differentiated cell types, and endogenous terpenoid biochemistry.
N. benthamiana is one of the few examples of a plant expression system suc-
cessfully used at an industrial scale (although its major use is still the production of
pharmaceutically active peptides). Prominent examples of molecules made using
the transient N. benthamiana/Agrobacterium expression system are vaccines for the
treatment of malaria, influenza, and Ebola [32, 63, 92]. An advantage of this system
is the short time between infiltration and harvest of typically four to six days, as
well as its industrial scalability [41], and distinct and controllable glycosylation
machinery [19, 75]. Concerning terpenoid production, N. benthamiana is well
established and the robustness of the system has facilitated both high-throughput
testing of enzymes and accumulation of substantial amounts of terpenes [5, 13].

The sesquiterpene lactone costunolide is of industrial interest due to inherent
biological activities and as starting material for a broad range of high-value com-
pounds such as the pharmaceutical parthenolide found in the medicinal plant
feverfew (Tanacetum parthenium; [71]). The pathway to the precursor molecule,
costunolide, is known and involves the formation of germacrene A by germacrene
A synthase, oxidation at C-12 to germacrene A acid by CYP71AV (germacrene A
oxidase; [70]), and then hydroxylation at C-6 by CYP71BL subfamily members.
The product of this final reaction autocatalytically rearranges to costunolide [27, 47,
70]. With this pathway elucidated, transient expression in N. benthamiana as a
potential production host was approached [70]. To optimise production of the first
intermediate, several germacrene A synthases were evaluated and the most active
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enzyme from feverfew was subsequently targeted to the mitochondria using the
targeting sequence of cytochrome oxidase subunit IV (CoxIV) leading to sub-
stantially improved production of germacrene A. Coexpression of both P450s, and
the mitochondrially targeted germacrene A synthase, all driven by the strong
constitutive Rubisco-promoter, resulted in production of up to 60 ng g−1 FW of
costunolide. Nontargeted metabolomics showed the accumulation of considerable
amounts of glutathione and cysteine conjugates of costunolide indicating that
potential pathways for detoxification are active in planta. Although conjugation
could present a potential problem in synthetic biology, it was on the other hand
suggested as an opportunity to improve production and storage of terpenoids due to
increased water solubility [70]. In plants, conjugation has the dual effect of masking
reactive functional groups and increasing solubility, possibly targeting the mole-
cules for further metabolisation and/or sequestration in the vacuole.

With formation of costunolide established, Liu and coworkers approached the
final step, oxidation of costunolide to parthenolide. Coexpression of the established
pathway together with feverfew CYP71CA1 and a soluble Arabidopsis HMG-CoA
reductase, to increase substrate availability, yielded 2.05 ng g−1 FW of free parthe-
nolide. Again, both parthenolide–cysteine and parthenolide–glutathione were found
to constitute more than 90 % of the total amount of sesquiterpenoid produced [71].
A similar observation of effective conjugation of produced terpenoids was made
when the model pathway to artemisinic acid was introduced into N. benthamiana.
Here, predominant accumulation of approximately 40 ng g−1 FW artemisinic acid-
12-β-diglycoside accompanied by absence of the nonconjugated terpenoid indicated
efficient conversion by the endogenous conjugation machinery [123]. When recon-
structing parts of the artemisinin pathway, LC-MS analysis of extracts revealed the
presence of at least 19 conjugated forms of these functionalised sesquiterpenoids.
Compounds displayed varying levels of glycosylation as well as conjugation with
malonate and glutathione [120]. For construction of multistep pathways, it was
suggested that the problem of conjugation could be alleviated through efficient and
balanced expression of pathway enzymes to facilitate fast channelling of activated
metabolic intermediates to downstream products [100].

Clearly, the conjugation of mono- and sesquiterpenoids oxidatively functional-
ised with hydroxyl or carboxyl groups by plant hosts needs to be considered in
biotechnological production. However, in the few recent examples of N. benth-
amiana-based functional testing of P450 containing pathways to di- and triterpe-
noids, such as functional expression of the Lotus japonicus CYP71D353 which
catalyses the formation of 20-hydroxybetulinic acid in a sequential three-step
oxidation of 20-hydroxylupeol [60], no evidence was found indicating that this
phenomenon may not play a significant role for larger and nonvolatile terpenoids.

Even though N. benthamiana is now routinely used for functional analysis of
terpenoid biosynthetic pathways, including P450s, these few examples above
indicate a promising future potential for targeted production of terpenoids. One
limitation, though, which will need to be addressed in the future, is the production
capacity of plants, with solutions possibly in storage of produced terpenoids in
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specialised structures such as glandular trichomes and regulation of the pathways
supplying the universal C5 building blocks.

4.4 Plant Systems: Physcomitrella patens

The moss Physcomitrella patens represents a plant system uniquely suited to high-
value terpenoid production due to a natural tolerance to accumulation of terpenoids,
a simple endogenous terpenoid profile, and established genetic tools for genome
editing by homologous recombination [6, 133]. In contrast to higher plant species,
P. patens lacks gibberellin diterpene phytohormones but accumulates ent-kaurene
intermediates of the gibberellin pathway. To date, there are at least two examples
reported of the successful biosynthesis of nonnative terpenes by this moss. Con-
stitutive expression of the taxadiene diterpene synthase from Pacific yew (Taxus
brevifolia) resulted in the accumulation of up to 0.05 % tissue fresh weight of taxa-
4(5),11(12)-diene, without significantly changing the accumulation or pattern of
endogenous diterpenoids [3]. The P. patens genome encodes only a single diterpene
synthase (copalyl-diphosphate/ent-kaurene synthase), which can be disrupted
without phenotypic consequences in the relevant life stages. This was exploited for
stable introduction of the single-step terpenoid biosynthetic pathways to the ses-
quiterpenoids patchoulol and santalene [133]. Although there are currently no
published examples of the heterologous expression of functionally characterised
P450s in P. patens, it is expected that this plant host will provide the same benefits
as N. benthamiana such as the presence of the required subcellular compartments,
partner enzymes, and cofactors, but with the added benefits of homologous
recombination, short regeneration times, and scalable production in bioreactors.

5 Outlook and Perspectives

Significant technological advances have increased our abilities to discover, char-
acterise, and manipulate P450s and this has led to breakthroughs in the biotech-
nological production of complex terpenoids (e.g., the production of artemisinic acid
in yeast [94]). It is clear that major challenges remain.

The ability to combine enzymes from different terpenoid pathways and, to a
degree, design new P450s [22] opens up the possibility of generating new to nature
compounds with novel or specific bioactivities. Several groups have already
demonstrated that this approach is feasible with novel triterpenes being generated
from nonnatural combinations of plant-derived triterpene synthases and P450s
expressed in yeast [26, 36, 78].

As photosynthesis in the chloroplast provides energy in the form of ATP,
reducing equivalents, and a carbon source for isoprenoid C5 building blocks,
photosynthetic production systems may offer unique opportunities for development
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of new efficient P450-based pathways. Recent work has shown that it is possible to
relocate P450s to the thylakoid membrane of the chloroplast and divert electrons
directly from active photosynthesis to drive P450-mediated reactions, without the
requirement of POR enzymes [64, 89]. Light-driven activity of P450s may therefore
relieve current limitations of biotechnological applications, in particular the
requirement of the membrane-anchored POR and stoichiometric amounts of
NADPH. Consequently, this technology has a high potential for engineering of
pathways already native to the plastids (i.e., mono- and diterpenoids), or those
engineered for plastid localisation (i.e., sesqui- and triterpenoids; e.g., [105, 126]).
Furthermore, recent progress in the development of tools for plastid genome
transformation enables high-level expression of heterologous enzymes in chloro-
plasts due to the lack of transgene silencing and epigenetic mechanisms [10].
However, despite the encouraging successes and the inherent potential, there are
currently no reports of engineering plastids or their autonomous equivalents, cya-
nobacteria such as Synechocystis or Synechococcus which harbour the pathways for
C5 isoprene building blocks [31], with P450s involved in terpenoid biosynthesis.

As it has become increasingly feasible to identify pathways of specialised
metabolism, research focus is shifting towards understanding how the enzymes of
these pathways interact and how these interactions affect pathway activity. In the case
of terpenoid metabolism, this question relates to how the various involved P450s,
PORs, and other ER or cytosolic enzymes, such as glycosyl-transferases and acyl-
transferases, interact. There is growing evidence that the enzymes involved in a given
pathway form dynamic multienzyme complexes (termed ‘metabolons’; [54]). Me-
tabolon formation may enable channelling of substrates, thought to result in more
efficient and directed pathways, as well as provide an important means to regulate
pathway activity [65]. In the case of plant-specialised metabolism, metabolon for-
mation could be an important mechanism to reduce exposure of potentially toxic or
labile intermediates to the cellular environment [65]. Currently our understanding of
the factors enabling and controlling the formation and dissociation of metabolons is
quite limited, but knowledge in this field is expected to expand with available new
technologies. If metabolon formation does play an important role in pathway
channelling, understanding how to control this phenomenon could provide signifi-
cant efficiency gains for biotechnological production of terpenoids.
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